Remote measurement of microwave distribution based on optical detection In this letter, we present the development of a remote microwave measurement system. This method employs an arc discharge lamp that serves as an energy converter from microwave to visible light, which can propagate without transmission medium. Observed with a charge coupled device, quantitative microwave power distribution can be achieved when the operators and electronic instruments are in a distance from the high power region in order to reduce the potential risk. We perform the experiments using pulsed microwaves, and the results show that the system response is dependent on the microwave intensity over a certain range. Most importantly, the microwave distribution can be monitored in real time by optical observation of the response of a one-dimensional lamp array. The characteristics of low cost, a wide detection bandwidth, remote measurement, and room temperature operation make the system a preferred detector for microwave applications. The microwave band is a scientifically-rich frequency range that is of unique importance for various applications. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] However, the microwave thermal effect cannot be ignored, 14, 15 especially when operating high power microwaves in the near field region, as this may cause risk to the operators and devices. Additionally, the effect of the electromagnetic interference on electronic instruments is disastrous, which makes measuring microwaves difficult. Therefore, there is an urgent need to develop an instrument for remotely measuring microwaves so that the operator and the measuring instrument can stay at a distance from the high power region in order to reduce the potential risk. Traditionally, microwaves can be indirectly measured by converting them into other, measurable, physical quantities by using an antenna, [16] [17] [18] [19] thermocouple detector, 20, 21 or glow discharge detector, 22, 23 among other things. However, the requirement of a transmission medium to conduct the converted physical quantity makes the remote measurement difficult. For instance, the antenna can induce a current when irradiated by microwaves, but the current must inevitably be transferred by a wire. The existence of the wire could potentially change the distribution of the microwaves and the current is susceptible to electromagnetic interference. Recently, our group reported a measurement method based on the thermoacoustic (TA) effect which realizes the point detection of nearfield microwaves. 24 We then developed another measurement method with higher sensitivity based on a similar acoustic conversion. 25 These methods fundamentally remove the wire in the front end of the detectors, allowing for electronic signals influenced less by electromagnetic interference. However, because acoustic propagation also needs a coupling medium, the reduced influence is limited. Another measurement method with a different mechanism is thus urgently needed.
Optical technology is a flourishing industry, which has attracted increasing attention. One of the most important features of this technology is that air or vacuum is able to transmit light. Therefore, when microwaves are converted into visible light, remote measurement of the distribution may be realized. A potentially useful phenomenon is that metal will discharge in a microwave oven, with an accompanying flash. In theory, within the microwave field, metal of different shapes shows different effects. For a large piece of metal with a smooth surface, the main effect of microwaves on the metal is reflection. The skin depth can be expressed by
where r is the conductivity of the metal, l is the permeability, and f is the frequency of the microwaves. For most metals and microwaves with a frequency range from several hundred megahertz to few tens of gigahertz, the skin depth will be on the micrometer scale. When the size of the metal is close to the skin depth, that is, the metal has burrs or cusps or is powdered, it may produce two kinds of effects-heating 28, 29 and discharging. 30 The instant heating temperature can reach very high, forming a hot spot and resulting in the release of electrons. In the air, the voltage can even break down the ambient air, producing a visible electric spark. Obtaining direct observation of the electric spark is impractical, due to the strict conditions, unstable discharging, and insufficient luminous flux. Therefore, a tube with low air pressure containing an irregular metal piece is needed to reduce the demands of electron release. Meanwhile, a mechanism is necessary to convert the released electrons into light to increase the luminous flux. Fortunately, an arc discharge lamp (fluorescent lamp) meets all of the above requirements.
In this letter, a remote microwave measurement system (RMMS) is built based on a commercial arc discharge lamp, which serves as the energy converter from microwave to visible light, a charge coupled device (CCD), which serves as the visible light receiver, and a computer, which stores the electrical signal from the CCD. Therefore, quantitative microwave distribution can be achieved, when the operators a)
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The experimental setup is shown in Fig. 1 . The microwave used in this procedure is operated at 6 GHz with a pulse width of 500 ns and a peak power of 350 kW. 26 The microwaves are radiated by a waveguide (BY56, XEEPI, Inc., Xi'an, China), which has an inner diameter of 38 mm. The tube of a commercial arc discharge lamp (SP807, Shengyimei, Inc., Foshan, China) with a rated power of 1 W serves as the energy converter from microwave to visible light, a CCD (MD30, Mshot, Guangzhou, China) is used as the visible light receiver, and the electrical signal from the CCD is digitized by an analog-to-digital converter and stored in a computer. When irradiated by the microwaves, the filament (made by metal) can produce a great instant heating temperature, and then the effect of the thermionic electron emission leads to electron runaway from the electrode with the initial kinetic energy. The escaped electrons will inevitably collide with the mercury atoms in the tube and pump them to an excited state. When mercury atoms de-excite, an ultraviolet photon is produced. The generated ultraviolet photon can excite the fluorescent material which is adhered to the tube wall and produce visible light. Because the tube has low pressure, the escaped electrons and mercury atoms are approximately evenly dispersed in the tube, so the tube wall can luminesce approximately uniformly. In the experimental process, the visible light is strong enough to be seen by the naked eye as well as by a CCD located even dozens of meters away. Nevertheless, with the increase of propagation distance, captured luminous flux decrease, and suppose the lamp as a point source, the reducing is with the square of the distance. Thus, remote measurement can be realized. The corresponding photograph of the RMMS is shown in Fig. 1(b) .
Since pulsed microwaves are used in this experiment, the visible light is also in pulsed form. Additionally, the pixel value recorded by the CCD is proportional to the integrated luminous flux. Therefore, the integration time of the CCD and the pulse interval must satisfy a multiplicative relationship in order to improve the accuracy of the measurement. Thus, a fixed number of light pulses are received in the integration time. The average pixel value increases as the exposure time increases, meaning that the sensitivity and accuracy can be improved by increasing the exposure time.
By adjusting the operating voltage of the microwave generator, the emergent microwave power can be linearly adjusted. Thus, the operating voltage can be used as an indication of the preset microwave power. The average pixel value is recorded for a series of microwave powers, as shown in Fig. 2 . The results show that average pixel value of RMMS and preset microwave power are positively related within a certain range, indicating that this method can quantitatively measure the microwave power. Here, we assume that the mercury atoms, fluorescent materials, and CCD have not reached saturation. The relation is expected to begin to level off as saturation appears.
This method has the great advantage of being able to monitor the real-time microwave distribution. To demonstrate this, a one-dimensional lamp array (OLA) composed of 30 arc discharge lamps is built, as shown in Fig. 1(c) . The lamps are fixed in a mold made of polymethyl methacrylate, and each lamp is about 40-mm long and 10-mm wide. In order to avoid light interference between the lamps, the mold is sprayed with opaque paint. These lamps are the same model, but have slight differences in shape. The sensitivity of each lamp is tested, and the results are indicating that the relative sensitivity difference between them is less than 10%. Two examples are used to show the overall measurement capability of RMMS. The relative positions between the OLA and the waveguide are sketched in Figs. 3(a) and 3(b) , respectively. From the vision, it is found that microwave intensity decreases as the distance between the waveguide and lamps increases, which conforms to the Huygens principle.
In order to quantitatively assess the measurement ability of the system, the microwave intensity at the same location of each lamp is also measured by a TA detector. 21 As indicated in Figs. 3(a) and 3(b) , the results of the two detectors are largely identical with the exception of lamp 11 # in situation 1 and 1 # in situation 2. The inconsistency in the data from lamp 1 # appears to be a single point in measurement that has come from instability in discharging. The inconsistency from lamp 1 # is probably the saturation of the CCD pixel values due to the strong light. It should be noted that lamps 1 # to 6 # , and 21 # to 30 # in situation 1 and 11 # to 30 # in situation 2 are also glowing with a lower luminosity. However, in order to prevent the saturation of the CCD, a small amplifier gain is used, so these lamps are not seen in pictures. On the other hand, since microwaves are not detected using the thermoacoustic detector in these locations, this demonstrates that the sensitivity of the RMMS is higher than that of the TA detector. In the future, a CCD with more color gradation can be used to measure the microwave intensity in a larger range. The system has the obvious advantages, when compared to a multichannel acquisition system of electronics, 23 of being convenient and cheap.
This method has other advantages as well, such as a wide bandwidth. In theory, the antenna has a relatively small bandwidth due to current resonance, and an ultra broadband antenna is the goal of many researchers. Detectors based on absorption-and-heating, like the thermocouple detector and the TA detector, have a relatively large bandwidth. The RMMS in this letter is also based on absorption-and-heating to some extent, that is, the electron emission is related to the intensity of the energy, and is not sensitive to microwave frequency. Experimentally, a 450 MHz microwave is used for verification. 27 According to estimates, the power densities of 6 GHz and 450 MHz microwaves are about 0.5 mW/cm 2 and 0.17 mW/cm 2 , respectively. Thus, the ratio of the single pulse energies is roughly (0.5 mW Â 500 ns)/(0.17 mW Â 10 ns) ¼ 147, and the ratio of the experimental values of RMMS is about 110, as shown in Fig. 4 . Therefore, it seems that the luminous flux is dependent on the single pulse energy and insensitive to frequency. However, since we are confined to the laboratory equipment, no other microwaves are used for experimental verification, so the experimental evidence is not strong.
One of the disadvantages of this measurement method is that it employs a nonlinear effect with several processes. There are several effects taking place in sequence when producing the visible light. First, the irregular metal absorbs microwave and heats up that can be regard as approximately linear with microwave energy. Then, thermionic electron emission is not linear, but is a positive correlation. Then, electron collides with mercury atom and excites it, mercury atom de-excites, and fluorescence excitations are approximately linear. In conclusion, the total effect is not linear, but it still shows a positive correlation with microwave energy. The results show that only when the input microwave power density exceeds the threshold value will the luminescence appear. Another consequence of using this method is that the luminous intensity is not always stable, especially when the input microwave power density is slightly above the threshold. One possible way to alleviate this limitation is to use lamps with low power in order to reduce the light emitting threshold. In the future, miniaturization may be an important development direction, and a more elaborate device than a cheap lamp might greatly improve the sensitivity. Additionally, two-dimensional or three-dimensional tube arrays could be conducive to the real-time detection of the microwave distribution.
Another limitation of this measurement method is that the operation must be under low or no light conditions. A stable and low light environment is acceptable. In this case, a blank control must be set, meaning that ambient light noise can be regarded as a stable direct current level, which must be subtracted after measuring. In order to improve the precision, monochrome fluorescence can be used rather than the complex light used in this letter. After measuring the environmental light spectrum, choosing a peculiar working wavelength that can avoid environmental light interference is benefiting for accurate measurement. Moreover, with the vigorous development of semiconductor technology, a photoelectric detector with higher precision and sensitivity will beneficial to this method. In conclusion, there are several possible development directions as following: first, using miniaturized tube that can increase sensitivity, detection resolution, and luminescence uniformity; second, using monochrome fluorescent substance in the tube can ensure the emission of monochromatic light that can improve accuracy; third, using three-dimensional tube arrays could be conducive to the real-time detection of the three-dimensional microwave distribution; finally, seeking calibrators that can measure the absolute value of microwave energy.
In this letter, we present the development of a remote measurement system of microwave distribution. The experimental results show that the RMMS can serve as a sensitive microwave detector. The low cost, as well as the wide bandwidth, remote measuring, and room temperature operation make it a preferred detector for microwave applications, especially in measuring the microwave distribution in the near field region using the lamp array.
